Abstract. This study evaluated the effects of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) on injured gastrocnemius, soleus and plantaris muscles, induced by alcohol in rats. A total of 60 male SpragueDawley rats (2.5 months old, 200±20 g) were divided into 6 groups: i) untreated skeletal muscle and analyzed 2 weeks later (A1 group, 5 rats); ii) untreated skeletal muscle and analyzed 6 weeks later (A2 group, 5 rats); iii) untreated skeletal muscle and analyzed 12 weeks later (A3 group, 5 rats); iv) injured skeletal muscle and analyzed 2 weeks later (B1 group, 15 rats); v) injured skeletal muscle and analyzed 6 weeks later (B2 group, 15 rats); and vi) injured skeletal muscle and analyzed 12 weeks later (B3 group, 15 rats). The injured and uninjured muscles were observed by light microscopy and polarization microscopy. The MMP activity was evaluated through zymography, and messenger RNA (mRNA) of MMP-9 and of MMP-2 were assessed by RT-PCR. The expression of MMP-9 was assessed by Western blot analysis. The plantaris and gastrocnemius muscles in the rats subjected to alcohol ingestion were found to have a high expression of MMP-9, but not of MMP-2. Picrosirius red staining was used to assess whether increased fibrosis in the skeletal muscle was associated with alcohol exposure in rats. The study indicated that alcohol may be involved in the skeletal muscle interstitial fibrosis in our model of alcohol-exposed rats through increased MMP-9 expression, and that this increased expression may aggravate the development of prolonged alcohol muscle injury.
Introduction
Prolonged alcoholic myopathy affects up to two thirds of all alcohol misusers and is characterized by selective atrophy of type Ⅱ (glycolytic, fast-twitch, anaerobic) fibers. Common features observed in chronic alcoholics include weakness and difficulties in gait, with objective symptoms of reduced skeletal muscle strength and loss of total skeletal muscle mass. These symptoms have previously been described as neuropathological in origin. However, biochemical lesions and/or the presence of a defined myopathy may occur in alcoholics as a direct consequence of alcohol misuse. The myopathy occurs independently of peripheral neuropathy, malnutrition and overt liver disease and is more common than other alcohol-induced diseases, such as cirrhosis (15-20% of chronic alcoholics), peripheral neuropathy (15-20%), intestinal disease (30-50%) or cardiomyopathy (15-35%) (1) . Although musculoskeletal symptoms are common in alcoholics, little is known of the prevalence of muscle pathology in this group.
Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases that are associated with the breakdown of constituents of the extracellular matrix (ECM) and this is tightly regulated by endogenous tissue inhibitors of MMPs (TIMPs) (2) . Distinct expression patterns of MMPs may reflect various stages of myopathy. Inflammatory myopathies such as polymyositis and sporadic inclusion body myositis show a strong upregulation of MMP-9 and, to a lesser extent, of MMP-2 at atrophic and inflamed myofibers (3, 4) . Amyotrophic lateral sclerosis-affected biopsies show MMP-9 immunoreactivity and, to a lesser extent, MMP-2 and MMP-7 at normal-sized and atrophic myofibers. Biopsies of spinal muscle atrophy show MMP-9 and MMP-7 immunoreactivity at normal sized and atrophic myofibers, while MMP-2 immunoreactivity was undetectable. In chronic axonal neuropathies, MMP-9 immunoreactivity is observed at normal-sized and atrophic myofibers (5) .
In addition, MMP-9 is elevated in the serum of alcohol abusers (6) . One of the most striking metabolic abnormalities produced by chronic alcohol abuse is the gradual reduction in muscle mass, which appears to be associated with the atrophy of type Ⅱ (glycolytic, fast-twitch, anaerobic) fibers (7). The knowledge of the possible roles of MMPs in muscle biology and pathology is currently limited. Due to the probable role of distinct MMPs in myopathies, we attempted to investigate the effects of MMP-2 and MMP-9, on muscle atrophy and myofibrosis during prolonged alcoholic myopathy using a rat model of alcohol use.
Materials and methods

Animal treatment.
All experiments were performed with specific pathogen-free, male Sprague-Dawley rats (2.5 months old, 180-200 g; Dalian Medical University Experimental Animal Center, Dalian, LiaoNing, China). Rats were housed in a controlled environment, in an air-conditioned (20-25˚C), humidity-controlled (40-60%) animal house with a 12 h light-dark cycle, commencing at 8:00 am, and had access to water and rat chow ad libitum for at least one week prior to the start of the study. A total of 60 male Sprague-Dawley rats were randomly divided into a control group (group A, 15 rats) or an experimental group (group B, 45 rats). Group A was then randomly divided into 3 subset groups (A1-A3). Each group consisted of 5 rats. Group B was randomly divided into 3 subset groups (B1-B3). Each group consisted of 15 rats. All rats were treated intragastrically by gavage. Treated rats (experimental groups) were fed a modified, standard, nutritionally-complete diet containing 35% of total calories from ethanol (7, 8) . These rats were orally gavaged with 4-10 g/kg/day body weight (BW) of ethanol, in increasing doses. Untreated rats (control groups) were fed an identical diet in which the ethanol had been replaced by an isocaloric amount of glucose (9) . A modified, standard, nutritionally-complete diet is as follows: an egg and 85 ml of corn oil were added to a standard, nutritionally-complete diet, and then cooked. Some fish liver oil and multi-vitamins were added to the cooked diet and mixed. In the diet, the protein vs. fat vs. carbohydrate (energy) ratio was 17 vs. 31 vs. 52%, the same as the energy ratio of the components in Lieber-Decarli liquid feeds. The diets were prepared daily. The A1 and B1 groups were analyzed 2 weeks later, the A2 and B2 groups were analyzed 6 weeks later and the A3 and B3 groups were analyzed 12 weeks later. At 2, 6 and 12 weeks, these rats were euthanized by an overdose of anesthetic, and skeletal muscles, including the gastrocnemius, soleus and plantaris from the posterior limb, were rapidly dissected.
Histochemistry assay. Rats were anesthetized (and subsequently euthanized) by an intraperitoneal injection of ketamine and xylazine. The triceps surae muscle group (consisting of the soleus, plantaris and gastrocnemius muscles) was dissected free of the surrounding tissues and snap-frozen in liquid nitrogen. Subsequently, the frozen muscle samples were serially sectioned at -20˚C with a cryostat. We performed a battery of histochemical stainings on the serial sections, including hematoxylin and eosin (H&E) and β-nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR) staining.
Assessment of skeletal muscle fibrosis. Collagen was detected under polarized light on muscle sections prepared by the picrosirius red technique, performed as previously described (10) . Briefly, sections, deparaffinized with xylenes, were rehydrated in a descending series of ethanols in distilled water. The hydrated sections were immersed in 0.2% aqueous phosphomolybdic acid for 2 min, rinsed in distilled water and were then stained for 60 min with 0.1% Sirius Red F3BA (Pfal and Bauer; Stamford, CT, USA) in saturated aqueous picric acid, pH 2.0. The sections were washed for 2 min in 0.01 N HCl, rinsed for 50 sec in 70% ethanol, dehydrated in 3 changes of absolute alcohol, cleared in xylene and mounted in a non-aqueous mounting medium. Picrosirius red-stained sections were detected by polarization microscopy, under which collagen type Ⅰ fibers appear yellow or red and collagen type Ⅲ fibers appeared green. Picrosirius red-stained sections at x100 magnification were projected onto a computer screen and levels of interstitial fibrosis were assessed using the microscope computer Image-Pro 4.5 software (Media Cybernetics, Silver Spring, MD, USA). Tissues in which collagen occupied more than 5% of the total tissue area were scored as collagen-positive. Five views from collagen-positive fields were randomly selected for analysis. Total areas of collagenpositive fields were detected and then the medial absorbance (MA) was determined.
MMP-2/MMP-9 RT-PCR.
Total RNA was extracted from frozen gastrocnemius, soleus and plantaris muscle samples from rats exposed to alcohol at 2, 6 and 10 weeks, respectively, with TRIzol Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). Frozen muscle samples were mechanically homogenized on ice in 1 ml of ice-cold TRIzol reagent. Total RNA was solubilized in RNase-free water and quantified by measuring the optical density (OD) at 260 nm. RNA purity was ensured by obtaining a 260/280 nm OD ratio >1.70. The PCR amplifications were carried out using the PrimeScript RT-PCR kit (Takara, Japan). A total of 25 µl of polymerase chain reaction (PCR) solution contained 1.5 mM MgCl 2 , 0.2 mM of all deoxynucleotide triphosphates, 0.4 mM of each forward and reverse primer and 0.1 units of Taq DNA polymerase (Gibco). The complementary DNAs (cDNAs) were used to amplify a 421 bp fragment using specific primers for the MMP-2 by PCR, a 496 bp fragment using specific primers for the MMP-9 and a 586 bp fragment using specific primers for glyceraldehyde 3-phosphate dehydrogenase (GAPDH). PCR products were subjected to electrophoresis on a 1% agarose gel and stained with ethidium bromide. The intensity of the bands was quantified as arbitrary OD units using the UVP Bioimaging System (Labworks™, Version 4.6, Upland, CA, USA). The primers were as follows: MMP-2, forward 5'-CTTCATCGC TGCACACCAGG-3' and reverse 5'-GGTATCTGGGCAGC AGAAAG-3'; MMP-9, forward 5'-CGTCTGAGAATTG AATCAGC-3' and reverse 5'-CTAGCACACATGCTGTA TAC-3'; GAPDH, forward 5'-CATGAGGTAGTCTGTCAG GTC-3' and reverse 5'-GATATCGCTGCGCTCGTCGTC-3'.
MMP-9 Western blot analysis.
Frozen muscle tissue samples were homogenized in lysis buffer [0.5% Nonidet P-40, 10 mM Tris-HCl (pH 7.5), 150 M NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM aprotinin, 10 mM KCl, 2.0 µg/ml aprotinin and 2.0 µg/ml leupeptin] for 40 min at 4˚C. A total of 50 µg of total protein extracts were subjected to 10% SDS-PAGE, subsequently transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and blocked in Tris-buffered saline with Tween-20 (TBS-T) containing 5% non-fat dry milk for 1 h at room temperature. Blots were then incubated overnight at 4˚C with rabbit polyclonal IgG antibody to MMP-9 (1:100) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The antigen-antibody complexes were visualized using goat anti-rabbit IgG antibodies (1:1000) and the enhanced chemiluminescence ECL detection system (BeyoECL Plus, China).
Zymographic analysis.
A total of 20 mg of muscle was washed with cold saline and incubated in 2 ml extraction buffer (10 mM cacodylic acid, pH 5.0, 150 mM NaCl, 1 mM ZnCl 2 , 20 mM CaCl 2 , 1.5 mM NaN 3 and 0.01% Triton X-100) at 4˚C with continuous mixing for 24 h. Protein concentration was determined by the bicinchoninic acid (BCA) protein assay kit (Beyotime, China), according to manufacturer's instructions. Briefly, equal amounts of total protein (50 µg/lane) were subjected to electrophoresis in triplicate. Zymogram gels consisted of 10% polyacrylamide impregnated with gelatin at 1 mg/ml. After electrophoresis, the gels were washed 5 times for 50 min in a 2.5% Triton X-100 solution and 3 times in Tris buffer (0.5 mol/l Tris-HCl, pH 7.4) at room temperature. The gels were then incubated for 18 h in a substrate buffer (50 mM/l Tris-HCl, 20 mM/l NaCl, 10 mM/l CaCl 2 , pH 7.4) at 37˚C. The gels were then stained in Coomassie Blue R250 for 2 h and destained in 5% methanol and 7.5% acetic acid for 5 min and then in water overnight. Gelatinolytic activity was identified as clear bands on a blue background. Gelatin zymography detects the activity of both active and pro-form gelatinolytic MMPs. The samples were also assayed in the presence of 15 mM ethylenediaminetetraacetic acid (EDTA) that inhibited MMP activity. The molecular mass of gelatinolytic activities was determined by comparison to reference protein molecular mass marker PageRuler™ Prestained Protein Ladder (Fermentas Life Sciences, Burlington, ON, Canada). Activity bands were identified following previous descriptions according to their molecular weights (72 kDa, Pro-MMP-2; 64 kDa, active-MMP-2; 92 kDa, Pro-MMP-9; 88 kDa, intermediary-MMP-9; 84 kDa, active-MMP-9) (11).
Statistical analysis. Standard statistical methods from the SPSS Statistical Analysis System V-9.0 (SPSS, Chicago, IL, USA) were used. Differences between groups were analyzed using ANOVA, the χ 2 test and the 2-tailed Student's t test. For all tests, the significance level was set at 5% (p<0.05).
Results
Percentage of success of the model establishment in rats.
A total of 4 rats in experimental groups died and the mortality rate was 8.8% (4/45). Pathological changes of alcoholic myopathy were evident in 29 rats of the experimental group. The percentage of success of the model establishment was 64.4% (29/45).
Histochemistry studies. Muscle fibers were detected by NADH-TR staining, under which type Ⅱ fibers appeared light blue and type Ⅰ fibers appeared dark blue. The shape of the normal muscle fibers of rats is regular and tightly arranged. The diameter of type Ⅱ fibers is bigger than that of type Ⅰ fibers (Fig. 1A) . Atrophy was evident in the muscle fibers of the experimental group rats, including type Ⅰ and II fibers. The diameter of type Ⅱ fibers was even smaller than that of type Ⅰ fibers and the shapes of the fibers were triangular, polygonal The diameter of the type Ⅱ fiber of rats is larger than that of type Ⅰ fibers in the control group (NADH staining, x100). (B) Atrophy of the muscle fibers was observed in the experimental group. The diameter of type Ⅱ fibers was even smaller than that of type Ⅰ fibers and the shapes of the fibers became triangular (polygonal) and irregular (NADH staining, x100). (C) Skeletal muscle fibers of the experimental group showed hyperplasia of the connective tissue in the fiber matrix (H&E staining, x100). and irregular (Fig. 1B) . Skeletal muscle fibers of the B groups (gastrocnemius and plantaris) showed hyperplasia of the connective tissue in the fiber matrix (Fig. 1C) .
Assessment of picrosirius red-stained sections under polarized light.
The relative proportion of skeletal muscle collagen type Ⅰ and Ⅲ fibers were compared between group A3 and group B3 by examining picrosirius red-stained sections under polarized light. Fibrotic foci were detected by polarization microscopy. Plantaris fibers of group A3 were arranged compactly ( Fig.2A) . There was less intercellular substance between plantaris fibers. The collagen type Ⅰ:Ⅲ ratio of intercellular substance was normal in group A3. Plantaris fibers of group B3 showed hyperblastosis. There was a significant increase in the levels of fibrosis in group B3 at 12 weeks after administering alcohol (Fig. 2B) . For example, the collagen type Ⅰ:Ⅲ ratio of intercellular substance was increased in group B3. Importantly, at the later time point, the response to induction of alcohol was significantly different between the experimental group and the control group in the type II skeletal muscle (gastrocnemius and plantaris). These differences included the total collagen area [intergral optic density (IOD)] the collagen type Ⅰ:Ⅲ ratio [collagen volume fraction (CVF)] (t=7.96-24.38, p<0.05, Table I ). The collagen type Ⅰ:Ⅲ ratio was also different in the type Ⅰ skeletal muscle (soleus) (p<0.05, Table I ).
MMP-2 mRNA/MMP-9 mRNA analysis. The mRNA expression of MMP-9 was not observed in the soleus, plantaris and gastrocnemius samples from rats with alcohol exposure at two weeks (data not shown). The mean mRNA expression of MMP-9 (normalized to GAPDH mRNA expression) was greater in the plantaris samples from rats with alcohol exposure at 6 weeks (0.0579±0.0046), compared with the non-alcohol exposed controls (0.0198±0.0023). There was a significant difference between the A2 group and the B2 group (t=-9.151, p= 0.001) (Fig. 3) . No significant difference was observed between the mRNA expression of MMP-9 in the gastrocnemius and soleus samples from rats with alcohol exposure at 6 weeks compared with the non-alcohol exposed controls (both p=0.38). The mean mRNA expression of MMP-9 was greater in the plantaris samples (0.1417±0.0116) and in the gastrocnemius samples (0.0599±0.0057) from rats with alcohol exposure at 12 weeks, compared with the non-alcohol exposed controls (0.0249±0.0049, 0.0237±0.0021, respectively) (Fig. 3) . There was a significant difference between the A3 group and B3 group (t=-18.095, p =0.000, t=-5.933, p=0.015, respectively). No significant difference was observed between the mRNA expression of MMP-9 in the soleus samples from rats with alcohol exposure at 12 weeks compared with the non-alcohol exposed controls (p=0.8).
Western blot analysis. We used Western blotting analysis to determine whether the observed increase in MMP-9 mRNA transcription correlated with MMP-9 protein expression. Analysis of soleus, gastrocnemius and plantaris muscle homogenate from experimental animals demonstrated MMP-9 immunoreactive proteins: a 92 kDa latent form and an active 84 kDa form (Fig. 4) . Western blot analysis of muscle extracts with polyclonal antibody against rat MMP-9 revealed the absence of a band at 88 kDa (middle-MMP-9) and 84 kDa (active-MMP-9) and the presence of one band at 92 kDa (pro-MMP-9) at two weeks after injury in all examined muscles. Western blot analysis revealed an upregulation in active MMP-9 in tissue homogenates from the gastrocnemius and plantaris muscle at 6 weeks following alcohol-induced muscle injury compared with the control group. Furthermore, marked upregulation of MMP-9 expression was observed in the gastrocnemius and plantaris at 12 weeks after alcoholinduced muscle injury.
Zymographic analysis. The data of Western blot analysis were supported by MMP-9 gelatin zymogram findings. The pro-MMP-9 band was observed in all groups. The MMP-9 activity was elevated in the B2 group compared to the A2 group (p<0.05, Fig. 5 ). In addition, the MMP-9 activity (84 kDa) in the B3 group was significantly increased when compared with the A3 group (p<0.05, Fig. 5 ). In particular, gastrocnemius and plantaris from rats showed higher levels of active-MMP-9 12 weeks following alcohol-induced muscle injury compared with the rats at 2 weeks and at 6 weeks after alcohol-induced muscle injury (all p<0.05; Fig. 5A ); pro-MMP-2 was observed in all groups. Of note, the MMP-2 activities of the pro-form (72 kDa) from the B1-B3 groups were similar to the A1-A3 groups (p>0.05; Fig. 5B ). No differences were observed between groups A and B at the same time points.
Discussion
The most significant findings of this study are: i) that plantaris and gastrocnemius muscles in the rat subjected to alcohol ingestion show increased expression of MMP-9, but not of MMP-2; ii) that as determined by picrosirius red staining, the increased fibrosis in skeletal muscle is associated with the alcohol exposure in our rat model.
ECM is a three-dimensional network of macromolecules that transmits signals from cells to the ECM and vice versa, mediating cell adhesion, migration, proliferation, differentiation and survival. In the last decade, MMPs have been shown to degrade all ECM components. MMPs, a group of zinc-dependent endopeptidases, are thought to play a central role in the modulation of ECM functions (12) . MMPs are commonly induced by cytokine signals as inactive zymogens (pro-forms) that require processing of a prodomain by other MMPs or serine proteinases to attain full activity. Their activities are inhibited by endogenous MMP inhibitors (tissue inhibitors of metalloproteinases; TIMPs-1, -2, -3 and -4) (13) .
With respect to muscular disorders, particular attention has been paid to a subgroup of MMPs termed gelatinases, comprising MMP-2 (also termed gelatinase A, or 72 kDa type Ⅳ collagenase) and MMP-9 (also termed gelatinase B, or 92 kDa type V collagenase). Earlier reports demonstrated that several MMPs, including MMP-2, 3, 7 and 9, are found in skeletal muscle, possibly playing essential roles in muscle fiber growth and repair by regulating the integrity and composition of ECM in skeletal muscle (3) . An increase in MMP production has been associated with skeletal muscle damage. MMP-2 is upregulated in Duchenne muscular dystrophy (DMD) skeletal muscle and is expressed by mesenchymal fibroblastic cells (14) . Upregulation of MMP-2 and MMP-9 has also been observed in skeletal muscle of dystrophin-deficient mdx mice (15) , an animal model of DMD. Moreover, it has been reported that MMP-2 and MMP-9 are able to process β-dystroglycan and disrupt the link between the ECM and the cell membrane via the dystroglycan complex in the skeletal muscle from DMD and sarcoglycanopathy patients (16) .
In this study, we demonstrated by Western blot analysis and RT-PCR that the skeletal muscles (plantaris and gastrocnemius) contain high amounts of MMP-9 protein and mRNA, but not of MMP-2 protein or mRNA, which is confirmed by the fact that the gelatinolytic bands of MMP-2 and MMP-9 correspond to the molecular weight of the activated (cleaved) MMPs. Importantly, at the same time point, the expression of MMP-9 in the gastrocnemius and plantaris after exposure of rats to alcohol was significantly different between the experimental and the control groups. These results extend previous findings that chronic alcoholic myopathy is characterized by selective atrophy of type Ⅱ (glycolytic, fast-twitch, anaerobic) fibers (17) .
Previous studies have shown that in some inflammatory myopathies, MMP-9 is expressed primarily by invading T lymphocytes, and is implicated in the pathogenesis of these myopathies (4). MMP-9 activation is related to the early inflammatory phase and to the activation of satellite cells (11) . In the present study alcohol caused activation of MMP-9, but not of MMP-2. Differences in the pattern of MMP activation may be related to the severity of skeletal muscle injury. For example, when irreversible injury results from intense expression of cytokines, this may activate MMPs which may be released by infiltrating inflammatory cells, as well as proteases that activate MMPs. We found increases in MMP content and activity following 6 weeks of alcohol exposure. Differences in MMP activation may also be attributed to greater oxidant stress and free radical generation (18) . The oxidative stress associated with alcohol is a potentially significant factor in MMP activation. Therefore, we chose the end of the alcohol exposure period (12 weeks of alcohol exposure) as the single time point most likely to demonstrate MMP activation in this experimental protocol. 
B A
Vracko et al showed that MMP-9 caused basement membrane damage upon immunohistological examination (19) . Therefore, it is possible that active MMP-9 acted upon matrix components (e.g., elastin and proteoglycans) and resulted in basement membrane damage in rats with alcohol exposure, although this was not specifically examined in this study. In conclusion, we propose that the expression of MMP-9 is implicated in the pathogenesis of prolonged alcoholic myopathy.
